Background: Previous studies have indicated that inefficient energy utilization may play a pivotal role in hypertrophic cardiomyopathy (HCM). However, whether plasma free fatty acid (FFA), a main energy substrate of heart, has an effect on HCM remains unclear. Besides, several studies have suggested sex-related differences in HCM features and FFA metabolism. Here, we aimed to explore the association between plasma FFA levels and HCM and potential effects of sex on this relation. Methods: A total of 412 patients (age 47.8 ± 12.7 years, 243 males (59.0%)) with HCM were recruited. Complete medical history was collected. Echocardiography and cardiovascular magnetic resonance imaging (CMRI) were performed. Fasting plasma FFA was determined by clinical laboratory. Left ventricular mass (LVM), maximum wall thickness (MWT), and left atrium diameter (LAD) were assessed with CMRI. Results: The median FFA levels were 0.38 (interquartile range (IQR) 0.27-0.52) mmol/L in men and 0.40 (IQR 0.30-0. 59) mmol/L in women. The FFA levels were significantly lower in men compared with those in women (p = 0.005). Compared with women, men had greater LVM index (LVMI) (96.8 ± 37.6 vs. 78.6 ± 31.5 g/m
Background
Hypertrophic cardiomyopathy (HCM), a common cause of sudden death in young people, is characterized by primary asymmetric left ventricular hypertrophy without an alternative cause [1, 2] . With a prevalence of 2‰ in the general population, HCM has been established as the most frequent genetic heart disease [3, 4] . More than 1400 mutation sites in at least 11 genes encoding proteins of the cardiac sarcomere are responsible for (or associated with) HCM [3] [4] [5] [6] . However, pathways from mutation to clinical phenotype are still poorly understood [2] . Nevertheless, some studies have showed sex differences in clinical features. Male patients had greater left ventricular mass index (LVMI) [7] and disease penetrance [8] , while female patients were more likely to have severe symptoms of heart failure [9] .
Several studies have suggested that inefficient energy utilization resulted from sarcomeric mutations plays a pivotal role in HCM [2, 3] . Circulating free fatty acids (FFAs) are mainly from lipolysis in the adipose tissue [10] . It is well known that FFAs are important energy substrates of the heart, where FFA oxidation supplies about 70% of energy consumption [10, 11] . However, high concentrations of FFA under pathological conditions have been shown to be proarrhythmic [12] and exacerbate heart failure [13, 14] , which are common clinical features of HCM. Besides, many studies indicate that pathologic hypertrophy [11, 15] and heart failure [13, 16] are associated with a reduction in FFA oxidation. In addition, previous data suggest that reduced myocardial long-chain FFA uptake contributes to some types of HCM [17] . Moreover, septal hypertrophy is a feature of the developing mammalian heart [18] , where FFA utilization is limited [19] . Early infants (less than 6 months of age) in whom if the shift of myocardial substrate utilization from glucose to FFA is prevented sometimes exhibit typical features of HCM [20] . Therefore, FFA may play an important role in HCM. Furthermore, recent literature has suggested that female patients with heart failure had higher myocardial FFA uptake [21] . And there were sex-related differences in serum FFA levels [22] and FFA metabolism [23] .
However, to date, few studies have been performed to evaluate the associations of FFA with cardiac structural and functional parameters. Hence, here we sought to explore the relation between FFA levels and HCM with a large cohort of HCM patients. Considering aforementioned sex-related differences in HCM features and FFA metabolism, we determined potential effects of sex on the relation between FFA and HCM. Owing to its threedimensional tomographic imaging with high spatial resolution, cardiac magnetic resonance imaging (CMRI) was employed in the diagnosis and morphological characterization of HCM in the present study [24] .
Methods

Study population
The protocol of this study was approved by Fuwai Hospital (Beijing, China) ethics committee and complied with the Declaration of Helsinki. The informed consents were obtained from all participants.
Consecutive patients with HCM, evaluated at Fuwai Hospital (Beijing, China) from December 2012 to December 2015, were enrolled. The diagnosis of HCM was based on a maximum left ventricular wall thickness ≥15 mm (or ≥13 mm with an unequivocal family history of HCM), as measured by echocardiography or CMRI, in the absence of other cardiac or systemic diseases capable of producing such magnitude of hypertrophy [25] . Patients were excluded if they had valvular heart disease, significant coronary artery disease (epicardial coronary stenosis >70% on coronary angiography, previous myocardial infarction, bypass surgery, or percutaneous coronary intervention), diabetes mellitus, infection, renal dysfunction (defined as an estimated glomerular filtration rate <60 mL/min/1.73 m 2 ), concomitant neoplasma, connective tissue disease, and pregnancy. Finally, a total of 412 patients with HCM were recruited in the present study. Relevant clinical variables including complete medical history, physical examination, 12-lead electrocardiography, 24-h ambulatory electrocardiographic monitoring, blood examination, transthoracic echocardiography, and CMRI were collected.
Echocardiography
All transthoracic echocardiography were performed by experienced cardiologists as recommended by the American Society of Echocardiography [26] , using an iE33 Color Doppler Ultrasound System (Philips Healthcare, Andover, MA). Two-dimensional, M-mode images and Doppler tracings were obtained. The peak velocity across the left ventricular outflow tract (LVOT) was also measured, and the peak pressure gradient was estimated using the simplified Bernoulli equation. The presence of LVOT obstruction was defined as an instantaneous peak Doppler LVOT gradient ≥30 mmHg at rest or during physiological provocation, such as Valsalva maneuver, standing, and exercise. The provoked LVOT gradient was only measured in patients with a LVOT gradient <50 mmHg at rest.
CMRI
CMRI was performed using a 1.5-T speed clinical scanner (Magnetom Avanto; Siemens Medical Solutions, Erlangen, Germany). The imaging protocol and analysis have been described previously [27] . Briefly, a true fast imaging with steady-state precession (TrueFISP) sequence was used to obtain cine images. Full ventricular coverage was achieved with 6-mm-thick slices. CMR images were analyzed by an experienced radiologist with a workstation (Siemens Medical Systems, Erlangen, Germany). Endocardial and epicardial contours of the left ventricular (LV) myocardium (excluding papillary muscles) were manually traced at enddiastole and end-systole on each LV short-axis cine image. LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), left ventricular ejection fraction (LVEF), stroke volume, cardiac output, and LV mass (LVM) were then calculated in a standard fashion. LVM was derived by multiplying LV myocardial volume measured at enddiastole with the specific gravity of myocardium (1.05 g/ mL). All those parameters were indexed to body surface area, except LVEF. The LVED diameter and maximal LV wall thickness were traced and measured from the shortaxis views at end-diastole.
Laboratory measurements
Fasting blood samples were collected for all enrolled subjects within 2 days of TTE and 1 week of CMRI examination. Then the laboratory measurements were conducted by the clinical laboratory. All assays were performed within 4 h of blood collection by medical technologists who were unaware of any clinical information about the studied patients. Plasma FFA was measured with enzymatic assay (DiaSys Diagnostic Systems GmbH, Germany) on a Beckman-Coulter LX20. The intra-assay coefficient of variation was 1.03%, and the inter-assay coefficient of variation was 1.11%. Serum levels of triglycerides, highdensity lipoprotein-cholesterol (HDL-C), and low-density lipoprotein-cholesterol (LDL-C) were measured by routine laboratory methods using an Olympus AU-5400 autoanalyzer (Olympus Corporation, Mishama, Japan). Plasma levels of N-terminal proB-type natriuretic peptide (NTproBNP) were measured using an electrochemiluminescent immunoassay (Elecsys proBNP II assay; Roche Diagnostics, Mannheim, Germany). Hyperlipidemia was defined as those with serum LDL-C ≥3.37 mmol/L or triglycerides ≥1.70 mmol/L.
Statistical analysis
The values were expressed as mean ± SD or median (interquartile range (IQR)) for the continuous variables and as the number (percentage) for the categorical variables. Comparisons of continuous variables between two groups were assessed using independent Student's t test or MannWhitney U test depending on the distribution of variables. Categorical variables were compared with χ 2 test, and Fisher's exact test was used when the expected frequency was <5. Pearson's correlation test or Spearman's correlation test was used to examine correlations between two continuous variables when indicated. Stepwise multiple linear regression analysis (p value threshold to enter 0.05; to remove, 0.10) was conducted to identify independent variables that might determine FFA levels. In order to obtain normal distribution, square root transformation was applied to plasma FFA in correlation tests and multiple linear regression analysis. Variables with a p value <0.10 in the univariate analysis were included in the multiple regression analysis. A two-tailed p value <0.05 was considered as statistically significant. Statistical analysis was performed with SPSS version 19.0 software (SPSS Inc., Chicago, IL).
Results
The clinical characteristics of studied population stratified by sex are summarized in Table 1 . A total of 412 HCM patients were enrolled in the present study, comprised of 243 males (59.0%) and 169 females (41.0%). As shown in Fig. 1 , the median FFA levels were 0.38 (0.27-0.52) mmol/ L in men and 0.40 (0.30-0.59) mmol/L in women. The FFA levels were significantly lower in men compared with those in women (p = 0.005). Besides, men were younger (45.6 ± 11.9 vs. 51.0 ± 13.0 years, p < 0.001) than women. There were more patients with maximum wall thickness ≥30 mm and resting LVOTG ≥30 mmHg in men. In contrast, men had lower NT-pro-BNP levels. Of note, serum HDL-C levels were significantly lower in men (1.06 ± 0.30 vs. 1.27 ± 0.33 mmol/L, p < 0.001). Additionally, men had higher BMI and diastolic blood pressure and were more likely to smoke (56.8 vs. 3.0%, p < 0.001).
Echocardiographic and cardiovascular magnetic resonance imaging data of the patients with HCM are presented in Table 2 . The left ventricular outflow tract gradient (LVOTG) levels at rest were lower in men than those in women. However, men had greater LVOTG after provocation. Compared with women, men also had greater LV end-diastolic diameter (p < 0.001) and maximum wall thickness (p < 0.001). In addition, in comparison with women, men had greater LV end-diastolic volume, LV end-systolic volume, stroke volume, cardiac output, and LV mass. However, after being adjusted with body area, only LV mass index (LVMI) was still higher in men (96.8 ± 37.6 vs. 78.6 ± 31.5 g/m 2 , p < 0.001). Table 3 shows plasma FFA levels with respect to clinical characteristics of the male and female patients with HCM. In men, patients with resting LVOTG ≥30 mmHg had higher FFA levels (p = 0.028). In women, greater FFA levels were found in those who had palpitation (p = 0.025), non-sustained ventricular tachycardia (p = 0.015), and hyperlipidemia (p = 0.040). Notably, smoking and statin therapy did not affect FFA levels both in men and women.
Univariate analysis of correlation between variables and FFA is presented in Table 4 . Square root transformation was applied to plasma FFA (sqrt [FFA] ) to abstain normal distribution. Sqrt (FFA) in male patients correlated positively with serum cholesterol (r = 0.134, p = 0.037), HDL-C (r = 0.138, p = 0.031), heart rate (r = 0.225, p < 0.001), and systolic blood pressure (SBP; r = 0.142, p = 0.028). Furthermore, there were also significant correlations between sqrt (FFA) and maximum wall thickness (MWT) (r = 0.169, p = 0.008), LVM (r = 0.161, p = 0.013), LVMI (r = 0.164, p = 0.012; Fig. 2a) , and left atrium diameter (LAD) (r = 0.173, p = 0.007; Fig. 2b ). However, none of these variables were significantly associated with sqrt (FFA) in female patients except a borderline correlation between sqrt (FFA) and LAD (r = 0.151, p = 0.050; Fig. 2c, d ). The representative CMRI images indicating the correlations between sqrt (FFA) and LVMI and LAD are shown in Fig. 3 .
Then multiple linear regression analysis was performed to identify independent determinants of FFA levels in male patients (Table 5) . HDL-C (β = 0.191, p = 0.002), heart rate 
Discussion
Although many studies have demonstrated that HCM is mainly caused by mutations in genes encoding for the cardiac sarcomere in the past 20 years, mechanisms that lead from a sarcomeric mutation to diverse disease phenotypes remain unclear [2, 3] . Recent evidence has emerged that impaired myocardial energy metabolism may be a primary stimulus for hypertrophy in HCM [28, 29] . It has long been recognized that FFA is the main energy substrate of the heart. However, few studies have been performed to unravel the correlation between plasma FFA levels and HCM. For the first time, the current study revealed that LVMI, LAD, SBP, heart rate (HR), and HDL-C were independently and positively associated with increasing plasma FFA levels in male HCM patients. In contrast, none of these variables were significantly associated with FFA levels in female patients, suggesting sex-related differences in FFA effects on HCM. Plasma FFAs originate primarily from adipose tissue lipolysis and serve as physiologically important energy substrates, especially for adult heart [10, 30] . In contrast, it has been reported that glucose, instead of FFA, is the major energy substrate for fetal heart [31] . Maron and Verter observed that asymmetric septal hypertrophy was a feature of developing mammalian hearts [18] . A shift of myocardial energy substrate utilization from glucose to FFA may be one signal that transforms fetal myocardium to mature adult myocardium [32] . Besides, prevention of this energy substrate shift may lead to typical features of HCM in early infants [33] . And some types of HCM may result from reduced uptake of myocardial long-chain fatty acid (LCFA) [17, 34] . Tuunanen et al. revealed that LV mass was inversely related to myocardial FFA uptake [35] .
In the present study, we found that MWT, LVM, LVMI, and LAD, which reflect the severity of HCM, were significantly associated with plasma FFA levels in male patients on univariate analysis. After adjusting for other variables, LVMI and LAD were still independently associated with FFA levels. Since asymmetric left ventricular hypertrophy is the primary pathological feature of HCM, together with studies mentioned above, our findings indicate that FFA might play an important role in the pathogenesis of HCM.
Interestingly, these correlations were found only in male patients, indicating that sex may have some effects on the pathogenesis of hypertrophy in HCM. In fact, there is growing evidence that many genes are expressed/function in a "sexually dimorphic manner" [36] [37] [38] . Sex has been found to be an important modifying factor in HCM phenotype. On the one hand, male sex is predisposed to have greater LV mass [7] . On the other hand, Chen et al.
showed that estrogen might prevent myocardial energy dysregulation in the mice model of HCM [39] . Additionally, recent literature suggested that women had higher FFA uptake and metabolism than men in nonischemic heart failure [21] . Therefore, we speculate that female sex may have protective effects on the pathogenesis of HCM.
Some studies suggested that high circulating FFA levels were associated with heart failure, pathologic hypertrophy, and sudden cardiac death (SCD) [13, 22] , which are also common features of HCM. Moreover, Pilz et al. found that women had higher serum FFA levels than men although there were fewer women participants [22] , implying that women may be at greater risk of SCD. Besides, female patients with type 2 diabetes had greater cardiac risk than males [40] . In contrast, the rate of SCD is higher among males compared to females in HCM [4] . This phenomenon may be attributed to greater LV hypertrophy in male patients. As mentioned above, sex has important influences on LV hypertrophy of HCM. And myocardial FFA metabolism may be one of the pathways.
There is considerable evidence that high FFA levels increase cardiac sympathetic activity [22, 41] . In a study of 19 healthy volunteers, Stepniakowski et al. suggested that Abbreviations as in Tables 1 and 2 Fig . plasma FFA enhanced vascular α-adrenergic sensitivity [42] . Furthermore, Gosmanov et al. reported that oral and intravenous fat load significantly increased SBP and heart rate in obese healthy participants [43] . In addition, parallel changes in plasma FFA levels with cardiac sympathetic/ parasympathetic nervous system balance were found in type 2 diabetes patients [44] . Our study in male HCM patients showed that SBP and heart rate were significantly associated with plasma FFA levels. Although speculative, it seems likely that high FFA levels also increase cardiac sympathetic activity in male HCM patients.
Of note, men were much more likely to be smokers in our study, which may be a confounder. However, our data showed that smoking did not affect FFA levels in both men and women. Besides, statin therapy may be a major confounder. Barbarash et al. studied 210 patients with acute myocardial infarction (AMI) and reported that atorvastatin resulted in a decrease in FFA levels 12 days after AMI [45] . However, atorvastatin 40 mg/day was less efficient than 20 mg/day in their study. The decrease in FFA levels observed by Barbarash et al. may be due to relief of stress after AMI rather than atorvastatin treatment. In the present study, statins were not found to affect FFA levels in both men and women. Consistent with our data, previous studies showed that statins did not have effects on FFA levels in patients with the metabolic syndrome [46] and cardiac hypertrophy in patients with HCM [47] .
Aiming at inefficient myocardial energy utilization in HCM, several drugs are introduced into the management of HCM, such as perhexiline and trimetazidine [48, 49] , which can switch the heart metabolism from free fatty acid to carbohydrate utilization. Given our findings that FFA correlated characteristics of HCM only in male patients, it may be necessary to verify whether these therapeutic strategies are ineffective in female patients.
There are some limitations in our study. First, plasma FFAs were measured once and totally. Serial and classified measurements of FFAs might provide more implications and increase sensitivity for correlation. Even so, a significant correlation between plasma FFA levels and variables reflecting severity of HCM was detected in our study with large sample size using CMRI. Second, in an attempt to elucidate the role of FFA in the pathogenesis of HCM, genetic testing for HCM may be helpful. Third, in order to determine whether the relationship between FFA and HCM is causal or circumstantial, it is intriguing to investigate plasma FFA levels in mutation carriers without left ventricular hypertrophy in comparison with subjects with overt hypertrophic cardiomyopathy. Finally, this is a cross-sectional and singlecenter study. Considering that elevated FFA levels are shown to be an independent predictor of sudden cardiac death in patients with other heart diseases, the potential prognostic values of plasma FFA for cardiovascular events in patients with HCM are needed to be revealed in further investigation with follow-up.
Conclusions
In patients with HCM, LVMI, LAD, SBP, and heart rate were independently associated with increasing plasma FFA levels in males, whereas not in females. These results suggest that sex may affect the pathogenesis of HCM. And these sex-related differences should be taken into account in therapeutic approaches to influence myocardial FFA metabolism in HCM. Given that LV mass was significantly associated with LV mass index, LV mass was not included in multiple linear regression analysis. Abbreviations as in Table 1 . Multiple R = 0.382, R 2 = 0.146
